Biological roles for extracellular RNA (eRNA) have become apparent. For example, eRNA can induce contact activation in blood via activation of the plasma proteases factor XII (FXII) and factor XI (FXI). We sought to reveal the biological role of the secretory enzyme ribonuclease 1 (RNase 1) in an organismal context by generating and analyzing RNase 1 knockout (Rnase1 -/-) mice. We found that these mice are viable, healthy, and fertile, though larger than Rnase1 +/+ mice. Rnase1
INTRODUCTION
Ribonuclease 1 (RNase 1) is a vertebrate secretory protein with robust nonspecific ribonucleolytic activity. The physical and catalytic properties of this enzyme are well understood due to its similarity to RNase A, a bovine homolog of RNase 1 that served as a model protein for seminal studies in biological chemistry during the twentieth century (D'Alessio and Riordan 1997; Raines 1998; Marshall et al. 2008; Cuchillo et al. 2011) . RNase 1 is a member of a large superfamily termed the pancreatic-type ribonucleases (ptRNases) or vertebrate secretory ribonucleases. ptRNases play diverse biological roles (Sorrentino 2010; Koczera et al. 2016; Lu et al. 2018) and might have evolved convergently in bacteria (Cuthbert et al. 2018) .
No specific biological function has been identified for RNase 1. Early hypotheses focused on digestion, as RNase A is abundant in the pancreas of ruminants (Barnard 1969 ). This hypothesis is challenged by recent work demonstrating nondigestive activities when human RNase 1 variants and conjugates are administered exogenously in vitro and in vivo (Strong et al. 2012; D'Avino et al. 2016; Hoang et al. 2018) .
RNase 1 has the highest catalytic activity and the widest expression pattern of the ptRNases, and is found in many bodily fluids (Morita et al. 1986; Su et al. 2004) . In humans and mice, RNase 1 circulates in blood plasma at ∼0.5 µg/mL . The major source of plasma RNase 1 is the vascular endothelium (Landré et al. 2002; Fischer et al. 2011) , and the pH optimum for its enzymatic activity (7.3) is close to the pH of blood (Eller et al. 2014) . These findings suggest that RNase 1 could be active within the vasculature.
Recent studies have highlighted the ability of RNase A to exert biological effects via degradation of extracellular RNA (eRNA), which is known to play roles in immunity and blood coagulation, as well as in cancer and artherosclerosis (Kannemeier et al. 2007; Fischer et al. 2012 Fischer et al. , 2013 Simsekyilmaz et al. 2014) . RNA enhances reciprocal activation of the blood plasma proteins factors XII (FXII) and prekallikrein to the active protease forms FXIIa and kallikrein by a process called contact activation that requires physical interaction between RNA and the enzymes (Kannemeier et al. 2007) . Both FXIIa and kallikrein catalyze reactions that are proinflammatory. RNA also enhances activation of the plasma coagulation protease FXI by both FXIIa and thrombin, promoting blood clotting (Gajsiewicz et al. 2017) . The importance of these reactions in vivo is suggested by the observations that RNase A produces a beneficial anticoagulant effect in murine models of arterial thrombosis (Kannemeier et al. 2007) and stroke (Walberer et al. 2009) , and that RNase 1 is cardioprotective in humans (Cabrera-Fuentes et al. 2015) . Here, we report on the first generation of an Rnase1 knockout (KO) mouse and the characterization of its phenotype, focusing on plasma RNA and blood coagulation.
RESULTS

Generation of Rnase1
-/-mice by Cre-LoxP recombination
Prior to generating Rnase1
-/-mice, we sought to validate the use of murine RNase 1 as a model for the human enzyme. Previously, we showed that the murine RI·RNase 1 complex is highly similar to its human homolog in its three-dimensional structure . Further, murine RNase 1 exhibits ribonucleolytic activity similar to that of the human enzyme (Lomax et al. 2017) . Given that human Rnase1 is expressed ubiquitously (Futami et al. 1997) , we analyzed 18 mouse tissues for Rnase1 expression by qPCR and found the mRNA to be expressed ubiquitously (Fig. 1A) . The in vitro structure-function data, coupled with a similarly broad expression pattern in vivo, instilled confidence in murine RNase 1 as a model for human RNase 1.
Given the unknown biological function of RNase 1, we chose a conditional KO approach to generate mice lacking Rnase1 expression. The entire Rnase1 protein-coding exon was flanked with loxP sites in the gene-targeting vector, allowing Cre-mediated recombination to excise this exon and result in an ablation of Rnase1 expression. Disruption of the Rnase1 gene was verified by a Southern blot (Supplemental Fig. S1 ).
Rnase1
-/-mice express neither Rnase1 mRNA nor RNase 1 protein qPCR was performed to verify loss of Rnase1 expression in Rnase1 -/-mice. Eighteen tissue types were tested for Rnase1 expression in Rnase1 -/-and Rnase1 +/+ mice, and levels were normalized to three reference genes. Samples from Rnase1
-/-mice exhibited virtually undetectable Rnase1 expression (average C T = 34 ± 0.3 cycles in samples with amplification) (Fig. 2A) . Any nonzero values are likely due to cross-reactivity of the qPCR primers with mRNA of RNase 1 homologs.
We performed zymogram assays of plasma samples to detect RNase 1 by its ribonucleolytic activity and by its electrophoretic mobility. Ribonucleolytic activity as determined by the intensity of all bands on the zymogram was reduced significantly in Rnase1 -/-samples relative to Rnase1 +/+ samples, representing a 69 ± 6% loss of ribonucleolytic activity (Fig. 2B) . A comparable reduction was apparent in solution-phase assays of ribonucleolytic activity in plasma samples, with an estimated total ribonuclease loss of 52 ± 5% in males and 47 ± 2% in females (Fig. 2C) .
We hypothesized that residual ribonucleolytic activity in Rnase1 -/-plasma is due to other ptRNases. Members of this superfamily migrate at distinct rates during SDS-PAGE due to variation in molecular mass and charge. Given that RNase 1 and other ptRNases can be glycosylated in vivo (Beintema et al. 1984; Salazar et al. 2014; Ressler and Raines 2019) , we treated plasma samples with PNGase F to reduce sample complexity, and measured mobility of the major ensuing band relative to an aglycosylated recombinant murine RNase 1 standard produced in E. coli. We found that whereas Rnase1 +/+ plasma produced a band with mobility 101.2 ± 0.5% that of the RNase 1 standard, Rnase1 -/-plasma does not, with the closest mobility being 103.5 ± 0.5% that of the standard (Fig. 2D) . These results indicate that RNase 1 production was lost in Rnase1 -/-mice, and confirm that residual ribonucleolytic activity in these mice arises from the activity of other ribonucleases. qPCR analysis of secretory ribonuclease genes in Rnase1 +/+ and Rnase1 -/-showed the up-regulation of transcripts upon loss of Rnase1, notably those of Rnase4 and Ang1 (Fig. 3) . qPCR analysis of Rnh1 mRNA showed less variation, except in skeletal muscle (Fig. 3) .
-/-mice are viable and appear physically normal
Genotyping of initial Rnase1 flox/flox × B6.C-Tg(CMV-cre) 1Cgn/J progeny revealed that Rnase1 -/-mice are viable.
In heterozygote crosses, the Rnase1 -allele was inherited according to expected Mendelian ratios, χ 2 (2, n = 243) = 9.62, P < 0.05. Rnase1 -/-males and females are both fertile, with crosses of Rnase1 -/-mice producing litters of identical size and sex distribution (7.4 ± 1 pups per litter, 39 ± 9% male, n = 67) to Rnase1 +/+ mice (7.8 ± 2 pups per litter, 39 ± 11% male, n = 39).
Rnase1 -/-mice of both sexes are significantly heavier than are Rnase1 +/+ mice (Fig. 4A,B ), but do not exhibit any other obvious physical phenotype. Gross necropsy and histopathological analyses did not reveal differences between Rnase1
-/-and Rnase1 +/+ littermates (data not shown). Rnase1 -/-also exhibit similar longevity to Rnase1 +/+ mice, with a median survival time of 102 wk versus 126 wk (Fig. 4C) .
Loss of Rnase1 results in increased plasma RNA
Given the reduced plasma ribonucleolytic activity in mice lacking Rnase1 (Fig. 2B-D) , we anticipated elevated plasma RNA concentrations in Rnase1 -/-mice. RNA was isolated from plasma and quantified by spectrophotometry and with a Bioanalyzer electrophoresis system. Whereas their plasma RNA does not appear to differ in size (Supplemental Fig. S2 ), Rnase1 -/-mice have significantly elevated levels of RNA in their plasma compared to Rnase1 +/+ mice ( Fig. 4D , E). The slightly higher level of RNA observed by spectrophotometry (Fig. 4D) is likely due to the Bioanalyzer only detecting RNA strands that contain >6 nt (Fig. 4E ).
Rnase1
-/-plasma clots more quickly than does Rnase1 +/+ plasma Extracellular RNA can stimulate plasma coagulation in vitro through activation of the contact system (Kannemeier et al. 2007) . To evaluate whether increased endogenous RNA in Rnase1 -/-mice results in enhanced plasma coagulation, we carried out a series of kinetic coagulation studies.
Plasma collected into sodium citrate from Rnase1 -/-mice formed fibrin clots significantly more quickly after recalcification than did plasma from Rnase1 +/+ mice. The respective values were 7.2 ± 1.0 min and 10.6 ± 2.0 min for males, and 5.9 ± 0.8 min and 23.9 ± 6.2 min for females (Fig. 5A,B) . Induction of coagulation via the intrinsic pathway with Actin FSL activated partial thromboplastin time (aPTT) reagent reduced clotting time relative to unstimulated plasma, but did not reveal significant differences between clotting in plasma from Rnase1 -/-and Rnase1
mice. This distinction is expected, as the aPTT reagent contains a charged substance that will substitute for RNA as an inducer of contact activation. Inducing coagulation through the extrinsic pathway by addition of a tissue factor-containing reagent (Thromborel S) also resulted in significantly shorter clotting times in Rnase1 -/-samples relative to Rnase1 +/+ in female mice. This effect was detectable at a high (saturating) concentration of tissue factor (3.52 ± 0.40 min for Rnase1 -/-vs. 5.26 ± 0.28 min for Rnase1 +/+ ) but was more pronounced at a limiting concentration of tissue factor (5.81 ± 0.83 min for Rnase1 -/-vs. 12.9 ± 3.5 min for Rnase1
). Additional experiments were performed to investigate potential causes for the differences in coagulation times unrelated to contact activation and the intrinsic pathway. Tissue factor expression is elevated in obesity (Samad and Ruf 2013) , and Rnase1 -/-mice are heavier than Rnase1 +/+ mice. Tissue factor expression was, however, similar in Rnase1 -/-and Rnase1 +/+ mice ( Fig. 5C ). Fibrinogen levels, as measured by ELISA, were likewise similar in the two mouse lines (Fig. 5D ).
Apparent FXII and FXI activity are elevated in plasma from Rnase1 -/-mice Coagulation induced with Actin FSL aPTT reagent was similar in Rnase1 +/+ and Rnase1 -/-mice ( Fig. 6A ), indicating that the intrinsic pathway of coagulation is intact in both lines. The specific activity of FXII appeared, however, to be increased by two-to threefold in Rnase1 -/-mice when clotting was induced without an activator, and more than 100-fold in the presence of Actin FSL, relative to Rnase1 +/+ mice. Furthermore, apparent FXI activity was increased more than 1000-fold in Rnase1 -/-mice when coagulation was induced with a low (0.1 µM) concentration of soluble tissue factor. FIX activity was similar in the two genotypes (Fig. 6A) .
The variations in FXII and FXI activity, depending on the method of inducing coagulation, cannot be explained by differences in plasma concentrations of FXII and FXI antigen in the two mouse lines. Indeed, antigen concentrations of these proteins were similar in Rnase1 -/-and Rnase1 +/+ mice on an immunoblot (Fig. 6B ,C).
-/-mice do not exhibit coagulation abnormalities in vivo
-/-mice did not exhibit significant differences from Rnase1 +/+ mice in bleeding models ( Fig. 7A-E ), indicating that elevated plasma RNA did not have a deleterious effect on normal blood coagulation in vivo (hemostasis). This finding is in keeping with the observations that FXII and FXI are not required for hemostasis in mice (Pauer et al. 2004; Wang et al. 2005) . Thrombin-antithrombin (TAT) complex formation was not different in Rnase1
+/+ and Rnase1 -/-mice after treatment with lipopolysaccharide (LPS). LPS treatment results in a significant up-regulation of tissue factor, leading to increased thrombin generation. FXII and FXI would not be expected to have a major impact on such a process. Finally, there were no differences in thrombus formation in FeCl 3 -induced arterial thrombosis assays, and fixed sections of the carotid artery revealed a similar distribution of degrees of vessel occlusion in both genotypes.
DISCUSSION
From a biochemical and biophysical perspective, RNase A is perhaps the most thoroughly studied enzyme (D'Alessio and Riordan 1997; Raines 1998; Marshall et al. 2008; Cuchillo et al. 2011) . Still, little is known about the function of this protein or its homologs in vivo. We report on the use of reverse genetics to create an Rnase1 -/-mouse. These animals are viable and fertile, but have marked reductions in plasma ribonucleolytic activity, resulting in increased plasma RNA concentration that affects the behavior of the plasma proteases FXII and FXI. These findings support the conclusion that RNA in plasma is physiologically important, and that one of the functions of RNase 1 is to regulate plasma RNA concentration.
Preissner and coworkers have shown that infusing RNase A into mice reduced thrombosis induced by arterial injury and concluded that RNA is a natural procoagulant in blood (Kannemeier et al. 2007) . Thrombus formation in the model they used requires the plasma protein FXII. FXII along with prekallikrein and the cofactor high molecular weight kininogen (HK) comprise the plasma kallikrein-kinin system (Schmaier 2005) . FXII and PK can undergo reciprocal conversion to the active proteases FXIIa and kallikrein by a process (contact activation) that is enhanced by binding to various "surfaces" that often carry a net negative charge. Polyanions such as RNA, DNA, and polyphosphate have been implicated as inducers of contact activation in vivo (Schmaier 2005; Morrissey and Smith 2015) . +/+ littermates as measured by qPCR. Rnh1 encodes ribonuclease inhibitor, Rnase4 encodes RNase 4, and Ang1 encodes angiogenin 1. Mice were matched for sex. n = 3. Data were normalized to Gapdh.
FXIIa activity contributes to several host defense mechanisms, including inflammation through the generation of kallikrein and coagulation through the conversion of the plasma protein FXI to the serine protease FXIa. Although the latter reaction is not required for normal blood clot formation at a site of vessel injury (hemostasis), it is implicated in thrombosis and other pathologic processes (Maas and Renné 2018) .
Our studies indicate that increased RNA in the plasma of Rnase1 -/-mouse has effects on FXII and FXI. Specifically, RNA supports conversion of these proteins to their active forms. The shortened recalcification clotting times (clotting in the absence of aPTT reagent or tissue factor) indicate that levels of the activated forms of at least some coagulation factors are increased in the plasma of Rnase1 -/-mice. The observations that plasma clotting times wherein coagulation was induced with tissue factor were shorter for Rnase1 -/-mice than for Rnase1 +/+ animals, whereas clotting times were similar in reactions with aPTT reagent, points to increased activity in the classic intrinsic pathway of coagulation in Rnase1 -/-mice. The intrinsic pathway is comprised of the components of the kallikrein-kinin system, and the plasma clotting proteins factors IX and VIII. The activity levels of factors XII, XI, and IX were measured with one-stage clotting assays, in which an unknown plasma is tested for its capacity to restore clotting in a reagent plasma lacking the protein of interest. Results are compared to those of a standard plasma assigned an activity value of 100%. Values in excess of 100% indicate that the concentration of a protein is higher than that of the control plasma. This conclusion is based on the assumption that the clotting factor being measured is in its inactive precursor form at the start of the assay. If this assumption is valid, then results for different types of assays should agree on the activity level, and the activity level and antigen level should match. When these equivalences are not observed, then the active forms of one or more clotting factors are likely present in plasma prior to the start of the assay. This latter circumstance was observed for FXII and FXI in Rnase1 -/-mice. There was an apparent 100-fold discrepancy in FXII activity as determined by recalcification times and aPTT assays in plasma from Rnase1 -/-mice, consistent with the presence of significant amounts of FXIIa in the plasma before the initiation of coagulation. The observation that the apparent increase in FXII activity was not accounted for by an increase in FXII antigen supports this conclusion. RNA induces FXII autoactivation and enhances PK activation by FXIIa (Kannemeier et al. 2007; Ivanov et al. 2017) . Although FXIIa in plasma might be expected to result in increased FXIa levels, that is not necessarily the case. In patients with deficiency of the FXIIa and kallikrein regulator C1 inhibitor, the consequence of unregulated FXIIa activity is enhanced bradykinin generation and tissue swelling (angioedema), and not excessive coagulation (thrombosis). Increased FXIIa, then, does not necessarily translate into increased coagulation.
The results for FXI activity in this study are particularly intriguing. FXI levels based on recalcification times, aPTT assays, and coagulation induced with a saturating concentration of tissue factor roughly agreed with each other, and with results from Rnase1 +/+ mice, which indicated relatively little FXIa in plasma from Rnase1 -/-mice. Nonetheless, assays using a low concentration of tissue factor indicated an ∼10 3 -fold higher level of FXI relative to plasma from Rnase1 +/+ mice. As with FXII, this increase was not accounted for by differences in the plasma FXI antigen levels. Polyanions, including RNA, enhance FXI activation by thrombin (Ivanov et al. 2017 ). This enhancement contributes little to clotting times in assays with saturating tissue factor because the initial burst of generated thrombin overwhelms contributions from the intrinsic pathway. At low tissue factor concentrations, however, the slower rate of thrombin generation allows feedback activation of FXI to FXIa by thrombin to affect the clotting time (Kravtsov et al. 2009 ). The large apparent increase in FXI activity, as determined by clotting in the presence of low tissue factor, is consistent with the presence of a polyanionic cofactor such as RNA in the plasma of Rnase1 -/-mice. It is important to note that elevated RNA levels in Rnase1 -/-mice did not affect hemostatic or thrombotic responses appreciably in vivo. In the case of the hemostatic response to blood vessel injury, this result is not surprising, as a process that primarily affects FXII and FXI would not be expected to have much impact on hemostasis (Pauer et al. 2004) . Although elevated plasma RNA levels in Rnase1 -/-mice might have rendered the animals more prone to injury-induced thrombosis, local tissue damage could have masked the effects of plasma RNA. It does seem reasonable to conclude, however, that the elevated RNA in Rnase1 -/-mice was not sufficient to induce thrombosis by itself. Still, our results indicate that elevated plasma RNA enhances the basal level of FXII activation, which might predispose animals to inflammation or thrombosis in the context of injury, infection, or cancer (Leon et al. 1977; Garcia et al. 2008; Fischer et al. 2013 ). Differences in coagulation in vitro appear to be more robust by genotype in female mice than in male mice. This distinction could be due to hormonal differences between sexes, as hormonal contraceptive use and pregnancy are known to influence risk for aberrant blood clot formation (Artero et al. 2012; Bleker et al. 2014) . Indeed, the FXII gene in humans is known to contain an estrogen-response element (Farsetti et al. 1995) . Our analyses used nulliparous mice, but were performed in sexually mature mice and did not control for the estrus cycle in females, which could have contributed to trends in the data.
RNase 1 is one of ∼25 homologous ptRNases in mice (Cho et al. 2005) . The mild phenotype resulting from the loss of RNase 1 could be due to functional redundancy, with RNase 1 homologs performing crucial RNA-regulatory functions (Cormier et al. 2001; Dyer and Rosenberg 2005) . The importance of such functions is suggested by the increase in activity of other ptRNases in Rnase1 -/-mice, which could mitigate the consequences of RNase 1 loss. RNase 4, which is up-regulated in Rnase1 -/-mice, is a likely candidate to compensate, as it exhibits similar substrate preferences and is also expressed broadly (Sorrentino 2010) .
The cause of the increased body weight of Rnase1 -/-mice was not established by our studies but is not explicable by differences in food or water consumption, or body fat. Rnase1 -/-mice do, however, have slightly longer bodies than Rnase1 +/+ mice (data not shown). This difference suggests changes in growth factor activity in Rnase1 -/-mice.
Given the proposed roles for RNA and RNase 1 in host defense, cancer, and blood coagulation (Sorrentino 2010; Koczera et al. 2016; Lu et al. 2018) , our findings likely reveal only one of the biological functions of this enzyme, but do have implications for multiple processes. FXIIa promotes kallikrein formation, which in turn cleaves HK to liberate the vasoactive peptide bradykinin (Iwaki and Castellino 2006; Kaplan and Joseph 2014) , an important mediator of inflammation and vascular permeability (Golias et al. 2007) . Cancer patients are prone to coagulopathy (Falanga et al. 2014) , and tumor-associated and circulating cancer cells express tissue factor (Falanga et al. 2015; Mitrugno et al. 2016 ) and activate FXII (Nickel et al. 2016) . Moreover, RNA stimulates proinflammatory cytokine release, including tumor necrosis factor α (TNFα) and vascular endothelial growth factor (VEGF), promoting tumor cell growth and immune cell recruitment (Fischer et al. , 2013 . Plasma RNA could affect these biological processes, and a major function of RNase 1 could be to regulate such effects. We note, too, that eRNA secondary structure is thought to be important for its procoagulant activity (Gansler et al. 2012 ). Human RNase 1, which has higher activity against double-stranded RNA than does either mouse RNase 1 or RNase A (Eller et al. 2014; Lomax et al. 2017) , might be better adapted to regulate endogenous eRNA alone.
MATERIALS AND METHODS
Materials
Murine ribonuclease 1 (RNase 1) and ribonuclease A were produced in E. coli as described previously (delCardayré et al. 1995; Lomax et al. 2014) . PNGase F was from New England BioLabs. Human FXI-, FXII-, and PK-deficient plasma was from George King Bio-Medical. Murine FXI-and FXII-deficient plasma (Gailani et al. 1997; Pauer et al. 2004) , and FIX-deficient plasma (Lin et al. 1997) were obtained as described. Soluble tissue factor was a gift from B.S. Schwartz (University of Wisconsin-Madison). Phosphatidylserine (PS), phosphatidylcholine (PC), and cholesterol were from Avanti Polar Lipids. PC:PS:C (molar ratio, 75:25:20) phospholipid vesicles were prepared by extrusion through a 100-nm polycarbonate filter. Primers, DNA constructs, and the 6-FAM-dArUdAdA-6-TAMRA ribonuclease substrate were from Integrated DNA Technologies. Poly(cytidylic acid) and LPS were from Sigma-Aldrich.
Equipment
Fluorescence measurements were made with a Tecan M1000 fluorescence plate reader.
Conditions
All procedures were performed at ambient temperature (∼22°C) and pressure (1.0 atm) unless noted otherwise.
Generation of Rnase 1 knockout mice
All experiments with animals were conducted in accord with an Institution on Animal Care and Use Committee-approved protocol at the University of Wisconsin-Madison. Ribonuclease 1 KO mice (Rnase1 -/-) were generated by using recombineering methods (Liu et al. 2003 ) were generated with assistance from the University of Wisconsin-Madison Transgenic Animal Facility. The KO mice were produced in a C57BL6J (Stock 000664, Jackson Laboratories)/129SvJ (embryonic stem cells, Genome Systems) background. Neomycin-resistance cassettes used for selection were removed by crossing transgenic mice with FLP deleter mice (Stock 009086, Jackson Laboratories), and constitutive KO of Rnase1 was achieved by crossing Rnase1 flox/flox mice with ubiquitously driven CMV-Cre mice (Stock 009086, Jackson Laboratories) (Fig. 1B) . The genotypic analysis of Rnase1 -/-mice was performed by using a universal primer set for the Rnase1 locus: forward 5 ′ -TGCAGGGACTAGGGTAGTGG-3 ′ and reverse 5 ′ -CATGACACAGGACAGGAACG-3 ′ . This primer set produces a 797-bp band for the wild-type locus, a 2.77-kb band for the transgenic locus + neomycin-resistance cassette, a 2.08-kb band for the KO locus + neomycin-resistance cassette, a 973-bp band for the transgenic locus-neomycin-resistance cassette, and a 286-bp band for the KO locus-neomycin-resistance cassette (Fig.  1C,D) . The phenotypic analysis of Rnase1 -/-mice was carried out prior to the completion of backcrossing, and the experimental cohorts have a mixed C57Bl6/129SvJ background. To control for this mixed genetic background, all phenotypic analyses were 
Quantitative PCR
Quantitative real-time PCR (qPCR) was conducted to identify gene expression changes in Rnase1 -/-mice. RNA was isolated from tissue samples homogenized in TRIzol Reagent (Invitrogen) using a Benchmark D1000 homogenizer, purified according to the manufacturer's protocol, DNase-treated using the TURBO DNA-free Kit (Thermo Fisher Scientific), and subjected to reverse transcription-PCR using the qScript cDNA Synthesis Kit (Quanta Biosciences). cDNA preparations were probed for Rnase1, Rnase4, Ang1, and Rnh1 message using primer pairs shown in Table 1 . Reactions were run in duplicate using SYBR Green master mix (Quanta Biosciences) with an Applied Biosystems ABI 7500 Fast RealTime PCR system. Cycling conditions were 95°C for 30 sec, 55°C for 30 sec, and 72°C for 30 sec, repeated for 30 cycles and monitored by melting curves. Cycle threshold (C T ) values were determined by setting a constant threshold at 0.6; fold changes in gene expression were determined by the comparative C T method (Schmittgen and Livak 2008) . Expression was normalized to that of Gapdh, Rpl13a, and Hprt1.
Gross phenotypic analysis
The viability of Rnase1 -/-mice was determined with a χ 2 -squared test. Fertility was assessed by pairing Rnase1 -/-male × Rnase1
Rnase1
-/-mice for mating. In longevity studies, aged mice were killed upon exhibiting signs of illness or distress (e.g., significant weight loss, tumors, reduced movement, or responsiveness). Gross physical analysis and histopathological analysis of mice were performed by the University of Wisconsin-Madison Research Animal Resource Center Comparative Pathology Laboratory.
Preparation of plasma samples
Whole blood was collected by cardiac puncture into citrate-rinsed syringes immediately prior to mixing with 3.2% w/v sodium citrate (citrate/blood 1:9). Blood was subjected to centrifugation at 2400g for 10 min at 4°C to prepare platelet-poor plasma for subsequent assays. Plasma samples were aliquoted and snap-frozen, then stored at −80°C until the time of analysis. For mixing tests, blood was drawn from the inferior vena cava and prepared similarly.
Ribonucleolytic activity assay
As a proxy for protein concentration, solution-phase assays of ribonucleolytic activity were performed on plasma samples, using a fluorogenic substrate described previously (Kelemen et al. 1999) . The background fluorescence intensity (I 0 ) of 100 mM Tris-HCl buffer, pH 7.0, containing 6-FAM-dArUdAdA-6-TAMRA (10 µM), NaCl (100 mM), and acetylated bovine serum albumin (0.1 mg/mL) was measured. A 1-µL aliquot of plasma was added, and the change in fluorescence intensity (ΔI ) over time was monitored with λ ex = 490 nm and λ em = 525 nm. Excess RNase A was added, and maximum fluorescence intensity (I max ) was measured. Recombinant murine RNase 1 was used to measure k cat /K M = 8.6 × 10 6 M -1 sec
, which is indistinguishable from the value at pH 6.4 reported previously (Lomax et al. 2017) . This value was, in turn, used to estimate the concentration of ribonuclease in mouse plasma with Equation 1:
The ensuing value of [ribonuclease] is only an estimate because other plasma ribonucleases could differ in their k cat /K M values for the cleavage of 6-FAM-dArUdAdA-6-TAMRA.
Ribonuclease zymogram assay
Zymograms were performed on plasma samples to verify the loss of RNase 1 in Rnase1 -/-mice, using an assay similar to one reported previously (Bravo et al. 1994) . Briefly, a polyacrylamide gel containing SDS (0.1% w/v), Tris (375 mM), and poly(cytidylic acid) (4.5 mg, incubated at 50°C prior to addition) was cast. Samples containing recombinant murine RNase 1 (100 pmol) or murine plasma (0.5 µL) were prepared with 2× Laemmli sample buffer (without dithiothreitol or β-mercaptoethanol, and without boiling). Some samples were prepared from murine plasma pretreated by incubating 2 µL of plasma with 1000 U of PNGase F (New England BioLabs) for 48 h to remove N-linked glycans Rnase1, 19752; Rnase4, 58809; Ang1, 11727; Rnh1, 107702; Gapdh, 14433; Rpl13a, 22121; Hprt1, 15452. from RNase 1 (Ressler and Raines 2019) . After electrophoresis, the gel was washed twice in 10 mM Tris-HCl buffer, pH 7.5, containing isopropanol (20% v/v), then once in 10 mM Tris-HCl buffer, pH 7.5, before incubation overnight in 100 mM Tris-HCl buffer, pH 7.5 to allow RNase 1 to refold within the gel. During the next day, the gel was washed in 10 mM Tris-HCl buffer, pH 7.5 before staining in an aqueous solution of toluidine (0.2% w/v) for 10 min. The gel was washed with deionized water and destained in 10 mM Tris-HCl buffer, pH 7.5. Band intensity was evaluated with ImageJ software (Schneider et al. 2012 ).
Quantitation of RNA in plasma
The size and amount of RNA in mouse plasma was evaluated independently by using either a NanoVue Plus Spectrophotometer (GE Healthcare) or a 2100 Bioanalyzer electrophoresis system and associated RNA kit (Agilent). RNA was isolated from plasma with the TRIzol Reagent and TURBO DNA-free Kit as described above. For spectrophotometery, RNA (A 260 nm /A 280 nm ∼ 2.0) was quantified by absorbance using the Beer-Lambert law and ε = 0.025 mg -1 · cm -1 · mL at 260 nm. RNA concentrations were normalized to the volume of plasma.
Plasma coagulation assays
Coagulation assays were performed on mouse plasma using a variation on published procedures (Jagadeeswaran et al. 2000) . Briefly, mixtures contained plasma (10 µL), human fibrinogen (100 µg; Sigma-Aldrich), and PC:PS:C vesicles (4 µM), were induced to clot with CaCl 2 (6 mM). The reaction volume was increased to 100 µL by adding 20 mM HEPES-HCl buffer, pH 7.35, containing NaCl (20 mM) and BSA (1% w/v). A variation of the prothrombin time (PT) assay was conducted by adding 5 µL of Thromborel S solution (Dade), diluted in the same buffer to final concentrations of 2.2 pM (high tissue factor) or 0.22 pM (limiting tissue factor). A variation of the aPTT time assay was conducted by adding 5 µL of Actin FSL Activated PTT reagent (Dade), at full strength or diluted 1:50. Clot formation was followed by monitoring A 405 nm over a period of ≤1 h. Clotting times are reported as the time at which the value of A 405 nm was half-maximal.
Coagulation factor activity assays
Activity assays for plasma factor IX, FXI, FXII, and prekallikrein were carried out by a mixing test using a variation of the kinetic coagulation assay described above. Briefly, 10 µL of factor-deficient human plasma was incubated with 10 µL of sample plasma to complement factor activity absent in the deficient plasma.
(Sample was diluted in factor-deficient plasma in ratios ranging from 1:5 to 1:100, yielding samples with 20% to 1% of the normal factor activity.) Some mixing tests were also performed with a Start 4 Hemostasis Analyzer (Diagnostica Stago). Briefly, 50 µL of factor-deficient human plasma was incubated with 25 µL of sample plasma (diluted in factor-deficient plasma) and 50 µL of Actin FSL Activated PTT reagent for 3 min at 37°C. An aqueous solution of CaCl 2 (17 mM) was added to initiate coagulation, and the time to clot formation was recorded.
Standard curves of factor activity as a function of plasma clotting time were generated by testing a pooled plasma set of five Rnase1 +/+ mice and plotting clotting time (y) against plasma dilution factor (expressed as percent activity of undiluted plasma) on a log-linear chart, and the y-intercept (b) and slope (m) were calculated. Factor activity in Rnase1 -/-plasma relative to Rnase1 
ELISA and immunoblotting
An ELISA was performed to evaluate plasma fibrinogen content. Assays were performed with a Mouse Fibrinogen ELISA Kit (Abcam) according to the manufacturer's instructions. Relative plasma concentrations for FXI, FXII, PK, and high molecular weight kininogen (HK) were determined by nonreducing immunoblotting using chemiluminescence. FXI was detected with biotinylated anti-mouse FXI IgG 14E11 and streptavidin-HRP (Cheng et al. 2010) . FXII and PK were detected with polyclonal goat antihuman FXII or anti-human PK IgG conjugated to HRP (Affinity Biologicals). HK was detected with polyclonal rabbit IgG raised against mHK1-specific sequence, and donkey anti-rabbit IgG-HRP (Merkulov et al. 2008 ). Blots were imaged using a c600 system (Azure Biosystem) and band strength was assessed with ImageJ software (Schneider et al. 2012) .
The relative expression of tissue factor in liver was determined by immunoblotting. Briefly, tissue samples were homogenized with a Benchmark D1000 homogenizer in T-PER Tissue Protein Extraction Reagent (Thermo Fisher Scientific). Homogenized tissue and plasma samples were tested for protein content by using a bicinchoninic acid protein assay kit (Thermo Fisher Scientific) and prepared with denaturing sample buffer prior to SDS-PAGE. Samples were transferred to a membrane using the iBlot 2 Dry Blotting System (Thermo Fisher Scientific) for 1 min at 20 V, 2 min at 23 V, and 1 min at 25 V. Membranes were blocked for 1 h in 5% w/v dry milk in Tris-buffered saline with Tween (TBST, which contained 19 mM Tris base, 137 mM NaCl, 2.7 mM KCl, and 0.1% v/v Tween 20), and incubated overnight at 4°C with antibody. Tissue factor was detected with a rabbit polyclonal IgG (Bioss Antibodies), and β-actin with a rabbit monoclonal IgG (Cell Signaling Technology). The membrane was washed in TBST before a 1-h incubation at room temperature with a secondary antibody, diluted with an aqueous solution of dry milk (5% w/v) in TBST, then washed in TBST again before imaging. The blot was treated with SuperSignal West Pico Chemiluminescent substrate (Thermo Fisher Scientific) and imaged with an ImageQuant LAS 4000 imager (GE Healthcare), and band intensity was evaluated with ImageJ software (Schneider et al. 2012 ). Blots were stripped by using Restore Western Blot Stripping Buffer (Thermo Fisher Scientific) and probed again.
Thrombin-antithrombin complex formation assay
Thrombin-antithrombin (TAT) complex formation was measured as a marker of clot formation in response to LPS using a protocol adapted from one reported previously (Sommeijer et al. 2005) . Briefly, mice were injected intraperitoneally with LPS (2 mg/kg Phenotype of ribonuclease 1 deficiency in mice www.rnajournal.org 931 in sterile saline) or an equivalent volume of saline. After 4 h, mice were killed via exsanguination. Plasma was then assayed for TAT complex content by using a TAT Complexes Mouse ELISA Kit (Abcam) according to the manufacturer's instructions.
Tail-vein bleeding time assay
Tail-bleeding assays were performed as described previously (Liu et al. 2012) . Briefly, mice were anesthetized with isoflurane and placed on a warming pad, and a 2-mm section of distal tail was amputated. Blood was collected into warm saline, and total bleeding time (including all rebleeding events) was recorded using a stopwatch. Collected blood cells were lysed, and the A 550 nm value of the lysate was used as a quantitative measure of blood loss.
Saphenous vein hemostasis assay
Hemostasis in the saphenous vein was assessed by using a protocol adapted from one reported previously (Buyue et al. 2008) . Briefly, the left saphenous vein of an anesthetized mouse was dissected free of membranes and punctured with a 27 g needle. Time-to-cessation of bleeding was recorded, and the clot was dislodged by wiping the vein in the direction of blood flow to allow rebleeding. This procedure was repeated for 30 min while recording the number of clots and the average time to clot.
FeCl 3 -induced thrombosis assay
Ferric-chloride induced arterial thrombosis assays were carried out with assistance from the University of Wisconsin-Madison Cardiovascular Physiology Core Laboratory. The left carotid artery of anesthetized mice was dissected and blotted before application of an aqueous solution of ferric chloride (10% w/v) using a 1 × 2 mm square of tissue. This solution was left in place for 3 min before washing the tissue with phosphate-buffered saline. After removal of the FeCl 3 solution, an ultrasound gel was applied and Doppler ultrasound was used to identify the carotid artery and measure blood flow rate for 30 min. A clot was judged to have formed when blood flow dropped to <10% of its initial rate. Mice were killed at the conclusion of the experiment, and carotid artery sections were collected into 4% neutral buffered formalin for fixation and staining.
Statistical analyses
A minimum of three biological replicates were performed for every experiment. All values are expressed as the mean ± SEM, and statistical evaluation was performed by Wilcoxon rank-sum test, log-rank test, and χ 2 test using Prism software (GraphPad) and MSTAT software (Michigan State University), with P < 0.05 being considered significant.
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